High-feed milling is a milling method characteristic with shallow depth of cut and high feed rate to maximize the amount of removed metal from a part, generating residual stresses in the surface and subsurface layers of the machined parts. The residual stress has a large influence on the functional properties of the components. The article is focused on the application of triaxial x-ray diffraction method to monitor residual stresses after high feed milling. Significance of triaxial measuring method is the capability of measuring in different angles so it is possible to acquire stress tensor containing normal and shear stress components.
INTRODUCTION
Given that there is currently increasing serial production of components, machining technologies are also being developed. One of them is high-feed milling technology, which is characterized by material removal at a low depth of cut and high feed per tooth. During highfeed milling, stresses are formed in the material. These stresses, also called residual stresses, exist in the material even when the material is not already loaded by external forces. The common cause of these stresses is the manufacturing process (machining technologies, welding, forming, heat treatment, etc.).
Residual stresses are formed in the surface layers only if there is a plastic deformation in the surface layer. Whether the stress will be tensile or compressive depends on how the deformation has been occurred. It can be caused by the following factors: thermal phase transformation, thermal and plastic deformation, and mechanical deformation (shown in Fig. 1 ). In the case of thermal phase transformation, the residual stress is caused by a volume change ( Fig. 1(a) ). If the phase change causes a decrease in volume, the surface layer will want to contract, but the underlying bulk material will resist. In the result the surface layer will be under tension. In this case, the tensile stress is produced. If the phase transformation causes an increase in volume, the residual stress will be compressive. This is the case with the conventional heat treatment of steel. In the model of thermal and plastic deformation, the unit event heat will cause expansion of the surface layer. The expansion is relieved (whilst the heating is maintained) by plastic flow, which is restricted only to the surface layer. After the heat is removed, the surface layer will contract, resulting in a tensile residual stress ( Fig. 1(b) ). In the model of mechanical deformation, the residual stress is compressive after the surface layer is compressed by some form of mechanical action ( Fig. 1(c) ). There are no heating effects. Processes consisting of only chemical unit events produce zero residual stress. [1,2,3,] Figure 1 . Three residual stress models [3] Many detection methods are used to detect the residual stress in material. One of them is the nondestructive method of X-ray diffractometry. The principle is based on the influence of residual stress in the crystallographic lattice and distance of its planes (d), which is measured. As long as the stress is zero, the distance of crystallographic planes only depends on the material properties. The planes distances vary by the influence of the residual stress. Any change in the crystallographic planes distance d results in the corresponding diffraction angle. The incident X-ray beam penetrates the surface layers of the material, where depending on the crystallographic planes distance it will diffract to the diffraction cone recorded on the detectors. [4, 5, 6, 7] The triaxial residual stress measurement is characteristic by measuring at various angles φ, when it is possible to gain a stress tensor containing normal and shear stress components acting at the measurement point. When the measurements for three directions in the point are recorded, (typically φ = 0°, 45°, 90°), the full stress tensor is calculated, comprising the normal stress for each of the measured directions, and the shear stresses also. [ 
where σ is normal stress component and τ is the shear stress component acting in the place of measurement (as shown in Fig. 2 ). When calculating the stress tensor, it is generally assumed that the stress normal to the specimen surface (σ33) is zero. There can be no stress normal to a free surface in equilibrium. However, a stress can be maintained in this surface-normal direction at some depth below the surface. Hence for some deeply penetrating measurements (tens of microns), it is possible that a non-zero value of stress could be present. In this case, calculation of the stress tensor requires knowledge of the stress-free lattice parameter d0 for the examined material. [5, 6, 7] In most practical applications, such as surfaces created by machining, grinding or quenching, the crystallographic lattice plane distance changes due to plastic deformation or heat treatment, which prevents the independent detection of the stress-free plane distance with sufficient precision. Extensive data collection and dependence on knowledge of d0 limits the method of determining a complete stress tensor primarily for research purposes. [8, 9, 10] 
EXPERIMENTAL MEASUREMENTS
Samples made of X37CrMoV5-1 (19 552) steel hardened and tempered to hardness of 45 HRC with dimensions 40x40x340 mm, were used as experimental material. The samples were milled with a Ф25 mm 2-insert holder and JDMW09T320ZDSR-FTVP30RT high-feed inserts. When selecting cutting parameters, a constant cut speed vc = 200 m.min -1 was selected. A cut depth of ap = 0.5 mm was chosen, with a feed per tooth of fz = 0.5 mm; 1 mm; 1.5 mm; 2 mm.
Following the high-feed milling operations on the vertical 3-axis CNC milling machine and subsequent cleaning and degreasing of milled surfaces, residual stresses were measured on the samples by triaxial analysis on a x-ray diffractometer (Fig. 3) . Triaxial detection of residual stresses consisted of measurements at three φ angles (0°, 45°, 90°). The stress tensor with corresponding error has been then created. The software of measuring device generates stress tensor with the condition that the value of σ33 is zero. For the measurement, a Cr Kα lamp and collimator of 1 mm diameter were selected. Residual stresses in the samples were measured in the milling head onset area, center of the milled area, and milling head exit area.
Figure 3. Sample on the measuring table of X-ray diffractometer
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From the stress tensors, the graphical dependence of the normal residual stress components oriented in the direction of the milling (σyy) and the changing feed per tooth was made.
Figure 4. Dependence of the normal residual stress components oriented in the direction of the milling and the changing feed per tooth
From the graph in Fig. 4 we can see, that the stresses in the measured places showed tensile character. Furthermore, we can see that the normal residual stress components σyy also grow with the increasing feed per tooth. The difference is only for the selected fz = 2 mm, where the stresses decreased. The decrease could be due to the fact that the fz = 2 mm was too high for the machined material and chosen inserts. The lowest values were measured at fz = 0.5 mm, namely 276.74 MPa in the milling head onset area, 293.21 MPa in the center of the milled area, and 300.41 MPa in the milling head exit area. Then a sample machined with fz = 1 mm was measured. Stress of 321.13 MPa was measured in the milling head onset area, 303.52 MPa in the center of the milled area, and 307.50 MPa in the milling head exit area. The highest values were measured at fz = 1.5 mm, namely 467.00 MPa in the milling head onset area, 469.29 MPa in the center of the milled area, and 511.29 MPa in the milling head exit area. For fz = 2 mm, a value of 391.16 MPa was measured in the milling head onset area, 385.42 MPa in the center of the milled area, and 375.36 MPa in the milling head exit area.
CONCLUSION
The selected experimental material caused machining problems and the quality of the machined surface has been lower. Improvement of the quality and functional properties of the machined surface, including the residual stresses, could be realized by the use of inserts with different geometry, or by the choice of more suitable cutting parameters. Subject of an article is the method of triaxial measurement of residual stresses. Triaxial analysis of residual stress can be used in closer examination of the impact of cutting tool on the residual stress formation in the material. Method offers many possible applications in order to verificate and extent the theoretical knowledge in this topic. 
